Developmental regulation of gliogenesis in the mammalian CNS is incompletely understood, in part due to a limited repertoire of lineage-specific genes. We used Aldh1l1-GFP as a marker for gliogenic radial glia and later-stage precursors of developing astrocytes and performed gene expression profiling of these cells. We then used this dataset to identify candidate transcription factors that may serve as glial markers or regulators of glial fate. Our analysis generated a database of developmental stage-related markers of Aldh1l1+ cells between murine embryonic day 13.5-18.5. Using these data we identify the bZIP transcription factor Nfe2l1 and demonstrate that it promotes glial fate under direct Sox9 regulatory control. Thus, this dataset represents a resource for identifying novel regulators of glial development.
Introduction
Astrocytes and oligodendrocytes play major roles in adult brain function, yet much remains to be learned about their specification and early development. It is increasingly clear that astrocytes and their precursors play critical roles in normal neurodevelopment including promoting synaptogenesis (Christopherson et al. 2005; Pfrieger 2009; Ullian et al. 2001) , axon integrity (Edgar and Nave, 2009 ), response to injury (Sofroniew and Vinters, 2010) and myelination (Meyer-Franke, 1999; Watkins et al., 2008) .
Astrocytes have been implicated in neurodevelopmental diseases including Rett Syndrome (Ballas et al., 2009; Lioy et al., 2011) , Fragile X syndrome (Jacobs and Doering, 2010) , Schizophrenia (Pantazopoulos et al., 2010) , and others . Astrocytes are first generated from radial glial progenitors following the cessation of neurogenesis (Rowitch and Kriegstein, 2010) . These progenitors delaminate and move into the parenchyma, where they become astrocyte precursors that morphologically resemble parenchymal astrocytes. In spinal cord, astrocytes are produced from all dorsal-ventral regions , whereas oligodendrocytes are initially produced from the ventral "pMN" domain (Lu et al., 2002; Zhou and Anderson, 2002) and in dorsal domains at later stages (Cai et al., 2005; Fogarty et al., 2005; Vallstedt et al., 2005) .
A major limitation in understanding glial development is the lack of markers to prospectively isolate glial progenitors at embryonic stages. Studies of the astrocyte lineage have classically relied on expression of glial fibrillary acidic protein (Gfap), a marker of terminally differentiated astrocytes (Bignami et al., 1972) . However, Gfap is not expressed at the stage of astrocyte specification, and therefore does not function as a pan-lineage or lineage-specific marker. Other reported factors, while important in astrocyte development, are not specific to the astrocyte lineage and thus fail as prospective markers. These include Nfia (Deneen et al., 2006) , Sox9 (Stolt et al., 2003) , and Fgfr3 (Pringle and Richardson, 1993) .
Aldh1l1 is a folate metabolic enzyme identified by transcriptional profiling as a bona fide astrocyte marker (Cahoy et al., 2008) that does not colabel with markers of other mature cell types in postnatal brain and is broadly expressed in both fibrous and protoplasmic astrocytes (Yang et al., 2010) . Aldh1l1-GFP is first detected in the spinal cord in radial glial precursors around the time of the neuron-glia switch at mE12.5, and generalizes thereafter to label parenchymal cells (Anthony and Heintz, 2007) which are astrocyte precursors (Tien et al., 2012; Tsai et al., 2012) . We sought to use Aldh1l1 as a marker of early gliogenic populations in order to identify genes associated with glial development. To this end, we used the Aldh1l1-GFP BAC transgenic mouse (Heintz, 2004) to perform microarray analysis of highly purified flow-sorted populations of Aldh1l1-positive spinal cord cells from E13.5-18.5, the period spanning early and active gliogenesis (Tien et al., 2012) .
We performed gene coexpression analysis (Oldham et al., 2008; Zhang and Horvath, 2005) of this dataset and identified three temporally distinct patterns of gene activity, or "modules," in Aldh1l1-positive spinal cord cells. These modules were temporally correlated with early, middle, and late embryogenesis, and were strongly enriched for genes known to be associated with astrocyte development. Pathway analysis revealed that early glial genes are strongly enriched for axon guidance molecules, whereas in late embryogenesis genes that influence neuronal signaling predominate. By searching for transcription factors associated with each temporal profile, we identified Nfe2l1 as a novel gliogenic transcription factor, which we show promotes astrocyte and oligodendrocyte maturation as part of a Sox9 regulatory program. This example illustrates the utility of this dataset as a ready resource for further discovery of genes involved in gliogenesis.
Materials and Methods

Mice
Aldh1l1-GFP transgenic mice generated by the GENSAT project were backcrossed for >5 generations onto a Swiss-Webster background and housed in accordance with UCSF policies. Plug date was considered embryonic day 0.5, and age was confirmed by morphology and crown-rump length measurements at harvest. Microarray samples were collected from 3 E13.5 embryos, 2-3 E14.5 embryos, and 3 E17.5-18.5 embryos. Neurospheres from Fig. 6c were generated from E13.5 Sox9 flox/flox ;Nestin-cre (KO) and Sox9 flox/+ ;Nestin-cre (HET).
Flow Cytometry
Spinal cords were dissected and dorsal root ganglia and meninges removed, then dissociated with papain 20 U/mL (Worthington) for 80 minutes at 33°C as previously described (Cahoy et al., 2008) . Aldh1l1-positive and -negative cells were sorted on a BD Facs Aria II and gated on forward/side scatter, live/dead by DAPI exclusion, and GFP, using GFP-negative and DAPI-negative controls to set gates for each experiment. GFP-positive populations were re-sorted using the same gates.
RNA Isolation and Microarray Analysis
RNA from 35,000-200,000 cells per sample was isolated using TRI-ZOL reagent (Invitrogen), DNAse digested to remove genomic DNA contamination, and further purified using the RNAeasy Kit (Qiagen). For microarray analysis, RNA samples were amplified using the Nugen Pico WT Ovation Kit and hybridized to Affymetrix Mouse Gene 1.0 ST arrays.
Bioinformatics
Microarray data were preprocessed in R using the Bioconductor suite of software packages. The "oligo" package was used to background correct, normalize, and summarize probes at the transcript level via the Robust Multi-array Analysis (RMA) algorithm (Irizarry et al., 2003) . Control probe sets and probe sets without annotations were removed. For probe sets with duplicate annotations, the one with the highest variance across all samples was retained. Quality control was performed on the resultant 23,890 probe sets using the SampleNetwork R function (Oldham et al., 2012) . This analysis revealed one outlier sample (E14.5 Aldh1l1+), which was removed from the analysis. Expression data were reverse logtransformed, then gene coexpression modules were identified using a four-step approach. First, pairwise Pearson correlation coefficients (cor) were calculated across all 17 samples. Second, transcripts were clustered using the flashClust implementation of a hierarchical clustering procedure with complete linkage and 1-cor as a distance measure. The resulting dendrogram was cut at a static height of ~0.327 (corresponding to the top 2% of pairwise correlations). Third, clusters of at least 20 members were summarized by their module eigengene (i.e., the first principal component obtained via singular value decomposition (Horvath and Dong, 2008; Oldham et al., 2006) ). Fourth, highly similar modules were merged if their Pearson correlation coefficients exceeded an arbitrary threshold (0.8). This procedure was performed iteratively until no pairs of modules exceeded the threshold. This yielded 10 coexpression modules, for which the strength of module membership (k ME ) for each transcript was calculated by correlating its expression pattern across all samples with each module eigengene (Horvath and Dong, 2008; Oldham et al., 2008) . The MAPPER search engine (Marinescu et al., 2005) was used for promoter analysis as previously described (Kang et al., 2011) .
Immunohistochemistry/In Situ Hybridization
Antibodies used included mouse anti-NeuN (Millipore 1:100) mouse anti-Olig2 1:100 and rabbit anti-Olig2 1:10,000 (gifts of C. Stiles), rabbit monoclonal anti-Id3 1:1000 (Biocheck clone 4/17-3), and chick anti-GFP 1:500 (Aveslabs). Heat-mediated antigen retrieval for Id3 was optimized to preserve GFP antigenicity by 10 minutes at 70° in citrate buffer. In situ hybridization probes used were cFABP7, cGLAST, cPDGFRa, mNfe2l1, and mAldh1l1. Mouse probes were generated using primer and sequence information from the Allen Brain Atlas (Lein et al., 2007) .
Cell Culture
E14.5 mouse telencephalon was dissociated and plated at high density in neural stem cell medium containing 20 ng/mL FGF, 20 ng/mL EGF, and 10% chick embryo extract, as previously described (Molofsky et al., 2003) . After 24 hours cultures were infected with a pMIG retrovirus (mouse stem cell virus, Addgene.org) containing the transcription factor coding sequence (human Nfe2l1, others) and an IRES-GFP. Cells were repassaged into clonal density cultures 24-48 hours after infection. Neurosphere cultures were generated by plating into ultra-low adhesion plates (Corning,) and adherent cultures were generated by plating 800 cells per well of a six well plate coated with poly-D-lysine and fibronectin (Biomedical technologies, Stoughton, MA). Neurospheres were self-renewed by mechanical dissociation and passaging after 10 days in culture. Adherent colonies were cultured for the time periods indicated then fixed in 4% paraformaldehyde and stained for O4 (ATCC), Tuj1 (Covance), and GFAP (DAKO).
Chick Electroporation
Chick electroporation was performed as previously described (Kang et al., 2011) . Briefly, expression constructs were cloned into the RCAS(B) using gateway cloning (Invitrogen) (Morgan and Fekete, 1996) . Constructs were injected into the chick spinal cord at stage HH13-HH15 (~cE2). Electroporation was carried out with a BTX Electro Square Porator (Momose et al., 1999) . Three days (cE5) or five days (cE7) post-electroporation, spinal cords were harvested, fixed in 4% PFA and sunk in 20% sucrose.
qPCR and ChiP
Harvested P19 cells were fixed with 1% formaldehyde for 10 minutes. Cross-linked chromatin was then sheared by sonication and cleared by centrifugation. The samples were precleared with protein G beads and immunoprecipitated using Sox9 antibody (Millipore) or control IgG (Santa Cruz Biotechnology). Immunoprecipitated complexes were isolated, the cross-links reversed, and proteins digested with proteinase K. The DNA was purified and PCR was preformed using region-specific primers. ChIP primers for Nfe2l1: Upstream: Fwd-AATCAGATAGCCGGGACTAGAG, Rev-CAATGCTCCAT-TATCTGCCTTA; Intron element: Fwd-GCCTGTTACCTAGCTG-CAGAA; Rev-GAGGACTAGCCATCGTCTTCTT.
Total RNA was isolated from mouse neurospheres using a RNeasy mini isolation kit (Qiagen). Superscript III (Invitrogen) was used for reverse transcription of 1 μg of total RNA samples. Quantitative RT-PCR was performed using PerfeCta SYBR Green Fast Mix (Quanta Biosciences) and a LightCycler 480 (Roche). qPCR primers: cyclophilin: Fwd-GTCTCCTTCGAGCTGT TTGC; Rev-GATGCCAGGACCTGTATGCT; Nfe2L1: Fwd-TCG GTGAAGATTTGGAGGA; Rev-GTCGCCAAAGGATGTCAATC.
Results
Developmental Expression of Aldh1l1-eGFP as a Glial Lineage Marker
To validate Aldh1l1-eGFP as a marker for flow-cytometric isolation of glial precursors, we examined embryonic sections from Aldh1l1-GFP BAC transgenics from the GENSAT project (Gong et al., 2003) . In the spinal cord, Aldh1l1-GFP was first detected in ventricular zone radial glia at ~E13.5, where it partly colabeled with the oligodendrocyte precursor marker Olig2. By E18.5 expression was exclusively detected in a parenchymal population with astrocytic morphology (Fig. 1a -c, see also Tien et al., 2012) .) In the forebrain, onset of Aldh1l1 expression was delayed relative to the spinal cord, and both "radial glial-like" and "astrocyte-like" Aldh1l1-GFP positive cells coexisted into postnatal stages (not shown). Due to this heterogeneity in the fore-brain, we focused our ensuing analysis on spinal cord.
To characterize this developmental window of gliogenesis, spinal cords were enzymatically dissociated and Aldh1l1-GFP positive cells were isolated from spinal cord at E13.5 (n = 3), E14.5 (n = 3), and E17.5-18.5 (n = 3; Fig. 1d-f ), during which the percentage of Aldh1l-GFP positive cells increased from 8 to 36%. GFP-positive samples were resorted for increased purity (>90% after the first sort and >95% after the second; Fig. 1g ). Control samples consisted of whole spinal cord sorted using only scatter and viability gates from each of these timepoints. RNA from a total of 18 samples (9 Aldh1l1-positive and 9 whole spinal cord controls) was hybridized to Affymetrix Mouse Gene 1.0 ST arrays, and 17 were retained for further analysis.
Fate mapping using Aldh1l1-cre has previously demonstrated that >80% of Aldh1l1-positive cells in the spinal cord become glia, while a small percentage become interneurons (Tien et al., 2012) ; thus Aldh1l1-eGFP is highly selective, but not exclusive, to glial populations during embryogenesis. Consistent with these findings, our microarray data revealed high expression levels in Aldh1l1-positive cells of early astrocyte markers, including Aldoc, Slc1a3 (glast), and Gja1 (connexin 43), which also increased with time (Fig. 1h) . Markers typically associated with mature astrocytes, including Aqp4 and Gfap, were detected at low levels at E17.5-18.5 but not earlier (Fig. 1h) . Neuronal markers such as Syt1, Snap25, and Nefl were detected at very low levels throughout (Fig. 1i) .
Gene Coexpression Analysis of Developing Spinal Cord Yields Modules that Segregate into Astrocytic and Neuronal Subtypes
To identify groups of genes with similar temporal patterns of activity during glial development, we performed gene coexpression analysis (Oldham et al., 2008; Zhang and Horvath, 2005) . Unlike differential expression analysis, which is a univariate technique that seeks to compare mean expression levels for individual genes between groups of samples, coexpression analysis is a multivariate technique that organizes genes into "modules" that share significant covariation. Coexpression analysis has been shown to be a powerful tool for deconvolving molecular signatures of distinct CNS cell types in heterogeneous tissue samples (Oldham et al., 2006 (Oldham et al., , 2008 .
We analyzed gene coexpression relationships in flow-sorted Aldh1l1-GFP positive cells and whole spinal cord at E13.5, E14.5, and E17.5-18.5. This analysis identified 10 modules of genes with coordinated expression activity across samples. We summarized the characteristic pattern of gene activity for each module by calculating its first principal component, or "module eigengene" (Horvath and Dong, 2008; Oldham et al., 2006) . Hierarchical clustering of the module eigengenes revealed a bifurcation between modules with higher expression levels in Aldh1l1-positive samples compared with whole spinal cord, or vice versa (Supp. Info. Fig. 1 ).
Gene Coexpression Analysis Reveals Three Temporal Waves of Glial Genes
We focused our subsequent analysis on four of five modules that showed high expression levels in Aldh1l1-positive samples relative to whole spinal cord. A complete description of the correlations between each of these modules and all genes on the microarray is available as Supporting Information Table 1 . Plots of the module eigengenes revealed how these genes were correlated across developmental time (Fig. 2) . Three of these modules were highly enriched for genes associated with astrocyte development and maturity that temporally segregated into early, middle, and late embryogenesis.
Genes in first module (Fig. 2a) , the "early" module, were highly expressed in Aldh1l1-positive samples at E13.5-E14.5 and decreased sharply thereafter, with low expression in whole-cord samples. This module includes proposed early astrocyte markers such as Slit1 (Hochstim et al., 2008) , and radial glial markers such as vimentin (Roeling and Feirabend, 1988) and Ctnnb1 (beta-catenin). Thus, this module may include other genes involved in the transition from radial glia to glial progenitor.
The second and largest of the modules is the "middle" module (Fig. 2b) . Genes in this module were highly expressed in Aldh1l1-positive cells throughout embryogenesis. Many are genes involved in early glial specification, including Slc1a3 (glast) (Shibata et al., 1997; Regan et al., 2007) , Fgfr3 (Pringle et al., 2003) , AldoC (Walther et al., 1998) , Aldh1l1 (Cahoy et al., 2008) , Sox9 (Stolt et al., 2003) , and Nfia (Deneen et al., 2006) .
The third temporal module is the "late" module (Fig. 2c) . These genes were expressed only during late embryogenesis, increasing approximately fourfold from the earliest time point. As expected, genes in this module include many canonical markers of terminal astrocyte differentiation, such as Apoe (Xu et al., 2006) , Cldn10, Aqp4 (Nielsen et al., 1997) , Slc1a2 (glt-1) (Furuta et al., 1997) , Acsbg1 (bubble-gum) (Song et al., 2007) , Gja1 (a.k.a connexin43) (Giaume et al., 1991) , Glud1 (Lovatt et al., 2007) , Folh1 (Sácha et al., 2007) , and Cd44 (Liu et al., 2004) .
Interestingly, one additional module (Fig. 2d) showed a bimodal expression peak at E13.5 and E17.5 in Aldh1l1-positive samples, and was highly enriched with genes involved in mitosis, including cyclins, histone genes, and microtubule-associated proteins. This module suggests that Aldh1l1-positive cells undergo two periods of active cell division with a period of relative quiescence at E14.5. We have validated this hypothesis in vivo by quantifying colabeling with phosphohistone H3 (Tien et al., 2012) .
As a means of gene discovery, our gene coexpression analysis demonstrates in a prospective way that there are distinct groups of genes associated with early, middle, and late embryonic glial development. Analysis of well known genes in each group allowed us to determine the "character" of the module and select novel genes for further analysis. As will be shown below, the grouping of astrocyte genes into early, middle, and late modules allows us to make both general and specific observations about genes involved in glial development.
Pathway Analysis Suggests Functional Differences Between Early, Middle, and Late Gliogenic Genes
We performed Ingenuity Pathways Analysis (Ingenuity® Systems, www.ingenuity.com) to screen for functional classes of genes that might be unique to glia at different stages of maturation. This analysis suggested different functional roles for glia at different developmental stages (Table 1) . For example, we found that axon guidance pathways, including ephrin/eph receptor signaling, were strongly represented in the early module. The middle module had many pathways associated with active biosynthesis including fatty acid beta oxidation, valine degradation, and oleate biosynthesis. The late module likely represents an early population of maturing astrocytes that persists into the postnatal period. This module was significantly enriched with pathways including GABA receptor signaling, choline biosynthesis, and long-term depression, consistent with possible roles of early postnatal astrocytes in modulation of neuronal signaling and synaptic plasticity.
Gene Ontology Analysis of Coexpression Modules Reveals Transcription Factor Nuclear Markers of Developing Astrocytes
We used Ingenuity Pathways Analysis to annotate putative transcription factors that were highly correlated with each temporal module ( Table 2 ). The top transcription factor in the middle module was Id3, which has been detected in other astrocyte screens (Cahoy et al., 2008; Fu et al., 2009 ) and has been proposed as an astrocyte-specific marker (Muroyama et al., 2005; de Vellis, 1997, 1998) . We validated Id3 as a marker of developing astrocytes using two novel reagents that may prove useful to studying astrocyte function (Fig. 3 ). First, we tested a GENSAT Id3-GFP mouse (Heintz, 2004 ) against markers of astrocytes, oligodendrocytes, and neurons ( Fig. 3a-d ) and found that it is specific for the astroglial lineage. We then tested several Id3 antibodies for specificity against the Id3-GFP mouse and found one that was useful for nuclear labeling of developing astrocytes (Fig. 3e-i) . Interestingly, Id3 protein was downregulated with astrocyte maturation (Fig. 3j) , suggesting that it is a marker of developing, but not mature astrocytes. Consistent with previous transcript analyses (Tzeng et al., 2001 ), we found robust Id3 nuclear protein expression in the context of demyelinating injury-induced reactive gliosis (Fig. 3k, k′) . Thus, Id3-GFP mouse could be a useful tool for identification and flow-cytometric isolation of reactive astrocytes in vivo.
The Transcription Factor Nfe2l1 Promotes Glial Maturation
To further validate this dataset as a useful means of identifying transcription factors relevant to glial development we next devised a functional screen to identify transcription factors in the early and middle modules that could promote glial specification or maturation. Coding sequences for selected transcription factors from Table 2 were cloned into a retrovirus with an IRES-GFP (MSCV) and overexpressed in clonal neural stem cell colonies (Fig. 4b) . In vitro culture of telencephalic progenitors in the presence of growth factors is a wellcharacterized system for studying neural stem cells (Molofsky et al., 2003) . In adherent clonal cultures over 80% of colonies derived from individual tel-encephalic progenitors are multipotent and express markers of neurons, astrocytes, and oligodendrocytes, and the neurosphere generated under nonadherent conditions can be passaged in vitro as a measure of the self-renewal potential of the founder stem cell. Overexpression of putative glialspecification genes in this system provides a quantifiable way to test whether these genes promote differentiation of neural stem cells.
We reasoned that gliogenic transcription factors would accelerate differentiation in neural stem cell colonies, thereby leading to decreased self-renewal and precocious expression of glial, but not neuronal, markers. Using this approach, we screened several candidate transcription factors by misexpression in multipotent neural stem cell colonies. Some factors were strongly selected against in this system due to proapoptotic or antiproliferative effects (not shown). One factor from the middle module, HopX, did not decrease self-renewal, but modestly increased the expression of astrocyte and oligodendrocyte, but not neuronal markers (Supp. Info. Fig. 2) . Interestingly, an independent screen of gliogenic transcription factors also identified HopX (a.k.a. Hod-1) and demonstrated that it is downregulated in Sox9 and Nfia deficient neurospheres (Kang et al., 2011) .
We subsequently focused on the top transcription factor in the early module, the bZIP transcription factor Nfe2l1 (Murphy and Kolst', 2000) . We confirmed that Nfe2l1 is expressed in the ventricular zone at E13.5 (Fig. 4a) and decreases thereafter with a subsequently neuronal expression pattern (not shown). Overexpression of Nfe2l1 in neural stem cell colonies led to a twofold decrease in neurosphere self-renewal (Fig. 4c) . To test whether this was associated with accelerated fate commitment, we quantified lineage marker expression at 7, 9, and 12 days in culture (n = 4 independent experiments). Overexpression of Nfe2l1 did not increase the rate of neuronal marker expression (Tuj1+, Fig. 4d ), suggesting that it does not generically promote differentiation; however, it significantly accelerated the rate at which colonies acquired astrocyte (Gfap) and oligodendrocyte (O4) marker expression ( Fig. 4e-h ). By 13 days these differences were no longer significant, suggesting that Nfe2l1 is not simply promoting the survival of glial-restricted progenitors.
To test whether Nfe2l1 could promote glial fate in vivo, we generated an Nfe2l1-RCAS construct for overexpression in chick neural tube. Neural tubes were electroporated at chick embryonic day 2 with either Nfe2l1 or empty vector and spinal cords were harvested at cE5 and cE7 (Fig. 5) , before and after the gliogenic switch, respectively. Electroporation of Nfe2l1-RCAS did not increase the expression of astrocytic specification markers Fabp7 and Glast (Fig. 5b, c, g, h) , and precocious Gfap expression was not detected (data not shown). However, Nfe2l1 did induce expression of the early oligodendrocyte marker PDGFRa at cE5 (Fig. 5d) in 6/6 embryos tested, and the mature oligodendrocyte marker MBP at cE7 (Fig. 5j ) compared with empty vector controls. No difference was detected in Olig2 staining (Fig. 5e ), suggesting that Nfe2l1 may be affecting oligodendrocyte maturation rather than specification, although loss-of-function studies would be needed to further assess this possibility. In summary, Nfe2l1 was expressed in the ventral neural tube during early gliogenesis and stimulated expression of astrocyte and oligodendrocyte markers in vitro, and oligodendrocyte markers in vivo, suggesting a role in promoting glial fate.
Nfe2l1 is Positively Regulated by Sox9
Given the role of Nfe2l1 in promoting gliogenesis and its temporal expression pattern, we hypothesized that Nfe2l1 expression may be regulated by Sox9, which plays a critical role in the initiation of gliogenesis (Stolt et al., 2003) . To explore this question, we analyzed Nfe2l1 promoter sequence and identified several putative Sox9-binding sites (Fig. 6a) . Using an antibody to Sox9 we performed Chromatin Immunoprecipitation (ChIP) from the P19 multipotent cell line, which mimics endogenous differentiation and can be driven to an oligodendrocyte or astrocyte cell-fate (McBurney, 1993) . We found that Sox9 associates with the predicted Sox binding sites in the Nfe2l1 promoter (Fig. 6b) . To test whether this association might have functional relevance, we quantified levels of Nfe2l1 in Sox9-deficient neurospheres. Strikingly, we observed a >10-fold decrease in Nfe2l1 expression in these cells relative to Sox9-heterozygous neurospheres. These data demonstrate that Sox9 directly induces Nfe2l1 expression, at least in culture. This observation is consistent with a model in which Sox9 acts to induce glial differentiation as part of a regulatory cascade that promotes the expression of glial-specific genes.
Discussion
In this study, we demonstrate that Aldh1l1 is a useful marker of gliogenic lineages during embryonic spinal cord development. Transcriptional profiling of Aldh1l1-positive populations to search for genes that are temporally correlated with the radial glial-immatureastrocyte transition revealed three temporal modules of genes: an early embryonic module, a late embryonic module, and a middle module that was pan-embryonic and strongly enriched for genes associated with glial fate determination. In order to validate gene coexpression analysis as a useful way to generate new hypotheses from a complex dataset, we chose to focus on transcription factors that were strongly associated with two of the identified temporal modules. One of these transcription factors, Id3, has been previously identified in screens of astrocyte specific genes, and was validated here using two novel astrocytespecific reagents.
To identify genes with functional significance for gliogenesis, we focused on transcription factors in the early and middle modules, which included genes that were highly expressed in Aldh1l1-positive radial glia during early embryogenesis. Functional screening of several transcription factors in clonal neural stem cell colonies identified the transcription factor Nfe2l1. Nfe2l1 (a.k.a. Nrf1, Tcf11) is a bZIP transcription factor expressed in multiple tissues throughout early embryonic development (Murphy and Kolst', 2000) . Knockout mice have early embryonic lethality because of hematopoietic defects (Chan et al., 1998) . Recent conditional deletion of Nfe2l1 in the CNS via nestin-cre revealed a post-natal neurodegenerative phenotype and death by weaning. While these data may be consistent with the expression of Nfe2l1 in neurons postnatally, possible glial defects were not specifically examined (Kobayashi et al., 2011) .
We found that Nfe2l1 is expressed in the ventricular zone during early gliogenesis and promotes acquisition of astrocyte and oligodendrocyte fate in vitro, and some markers of oligodendrocyte fate in vivo. In addition, we revealed a direct regulatory relationship between Sox9 and Nfe2l1 in which the glial fate-specifying gene Sox9 physically associates with Nfel211 (in a multipotent cell line) and promotes its expression (in cultured neurospheres). This finding suggests that Nfe2l1 may be one of the genes that are controlled by Sox9 as part of a regulatory cascade involved in the acquisition of glial fate, although it was not possible to directly demonstrate that this interaction is occurring in multipotent progenitors in vivo. Further detailed loss-of-function studies will be required to further assess whether this gene is required for glial fate determination.
Interestingly, although fate mapping and gene expression analyses suggest that Aldh1l1 expression primarily marks the astrocyte lineage, our in vitro and in vivo data suggest that Nfe2l1 modestly promotes GFAP expression in vitro, but promotes oligodendrocyte fate in vitro and in vivo. These results may reflect limitations of our currently available astrocyte markers to identify intermediate stages of astrocyte fate acquisition. It is also possible that factors that promote oligodendrogliogenesis when overexpressed may have more subtle roles in astrocyte specification when studied by loss-of-function analyses.
In this study, we have generated a rich dataset with which to mine the early stages of astrocytogenesis for marker discovery as well as functional analyses. The distinct temporal patterns of gene activity that we have identified in glial precursors suggest that glia undergoing the radial glia-to-progenitor transition serve defined roles in the developing nervous system, and that these roles change over time. A greater appreciation for these roles will be critical if we are to understand how glia develop, support neuronal function, and contribute to neurodevelopmental diseases. Gene coexpression analysis of Aldh1l1-positive populations reveals temporal waves of glialspecific genes. Left column: bar-plot where each bar represents an individual sample (age listed at bottom (e)) and the y-axis represents the magnitude and direction of the first principal component (a.k.a. the "module eigengene") for that sample. Samples are grouped into "Aldh1l1+" and "whole cord", then arranged chronologically as follows: E13.5 (n = 3), E14.5 (n = 2-3), E17.5-18.5 (n = 3). Right column: lineplot showing expression levels for the top 15 genes on the microarray ranked by their Pearson correlation to the corresponding module eigengene (samples are arranged in the same order). Modules: (a) an "early" embryonic module, (b) a "middle" embryonic module, and (c) a "late" embryonic module; (d) "mitosis" module (e) sample order. increases the percentage of colonies that express GFAP at 7 and 9 DIV. (f, h) Increase in the percentage and maturity of colonies that express the mature oligodendrocyte marker O4 at 7 and 9 DIV (images in g, h are from 9 DIV). Culture data represents avg +/− SEM from n = 3-4 independent experiments. Control represents cultures infected with GFP-only retrovirus. O4 expression was scored as present/absent. GFAP expression scored as distinctly fibrillar was considered positive. Statistical significance calculated using Student's t-test for each time point, *P < 0.05, **P < 0.01. Overexpression of Nfe2l1 in early chick neural tube induces expression of some oligodendroglial but not astroglial markers. The right half of chick neural tube was electroporated at embryonic day 2 and harvested at day 5 (a-e) or day 7 (f-j). (a, f) In situ hybridization (ISH) for Nfe2l1, (b, g) ISH for FABP7, (c, h) ISH for GLAST, (d, i) ISH for PDGFRa, (e) immunostaining for Olig2 (j) ISH for MBP (in all cases representative images shown are from one of six independent replicates). 
